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Doppler  effect  for  sound  emitted  by  a  moving  airborne  source  and 
received  by  acoustic  sensors  locat^  above  and  below  the  sea 
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The  acoustic  emissions  from  a  propeller-driven  aircraft  are  received  by  a  microphone  mounted 
just  above  ground  level  and  then  by  a  hydrophone  located  below  the  sea  surface.  The  dominant 
feature  in  the  output  spectrum  of  each  acoustic  sensor  is  the  spectral  line  corresponding  to  the 
propeller  blade  rate.  A  frequency  estimation  technique  is  applied  to  the  acoustic  data  from  each 
sensor  so  that  the  Doppler  shift  in  the  blade  rate  can  be  observed  at  short  time  intervals  during 
the  aircraft’s  transit  overhead.  For  each  acoustic  sensor,  the  observed  variation  with  time  of  the 
Doppler-shifted  blade  rate  is  compared  with  the  variation  predicted  by  a  simple  ray-theory 
model  that  assumes  the  atmosphere  and  the  sea  are  distinct  isospeed  sound  propagation  media 
separated  by  a  plane  boundary.  The  results  of  the  comparison  are  shown  for  an  aircraft  flying 
with  a  speed  of  about  230  kn  at  altitudes  of  300,  700,  and  1000  ft. 

PACS  numbers;  43.60.Gk,  43.28.Bj,  43.30.Es 


INTRODUCTION 

The  acoustic  spectrum  of  a  transitting  aircraft,  when 
received  by  a  stationary  observer,  changes  with  time  due  to 
the  acoustical  Doppler  effect.  Observations  of  the  acousti¬ 
cal  Doppler  effect  for  transitting  aircraft  have  been  re¬ 
ported  previously,  using  microphones  on  land'  and  hydro¬ 
phones  in  water.^ 

Urick^  showed  that  sound  from  an  airborne  source  can 
reach  a  subsurface  acoustic  sensor  in  four  different  ways; 
via  a  direct  refracted  path,  via  one  or  more  bottom  reflec¬ 
tions,  via  scattering  from  a  rough  sea  surface,  and  via  the 
lateral  wave  (also  called  the  inhomogeneous  or  evanescent 
wave).  Only  sound  propagation  via  the  direct  refraction 
path  is  of  interest  here. 

Whereas  Urick  studied  the  intensity  of  the  aircraft’s 
noise  signature  as  a  function  of  time,  the  present  approach 
considers  the  variation  with  time  of  the  Doppler  frequency 
associated  with  a  particular  spectral  line  in  the  aircraft’s 
acoustic  spectrum  because,  unlike  the  intensity  measure¬ 
ments,  the  frequency  estimates  display  little  variability 
over  short  intervals  of  time.  The  spectral  line  correspond¬ 
ing  to  the  propeller  blade  rate  is  selected  for  analysis  be¬ 
cause  it  is  the  most  prominent  feature  in  the  acoustic  spec¬ 
trum  of  a  propeller-driven  aircraft.  The  blade  rate  is  equal 
to  the  product  of  the  shaft  rotation  rate  and  the  number  of 
blades  on  the  propeller. 

This  paper  considers  the  acoustical  Doppler  effect  for 
an  acoustic  tone  emitted  by  a  moving  airborne  sound 
source  and  then  received  by  a  microphone  and  a  hydro¬ 
phone.  In  the  experiment,  a  turbo-prop  aircraft  having  a 
constant  propeller  blade  rate  flies  over  a  microphone 
placed  just  above  ground  level  and  then  over  a  hydrophone 
located  in  the  deep  ocean.  The  acoustic  emissions  from  the 
aircraft  propagate  through  the  air  to  the  microphone  via 
the  direct  ray  path  between  source  and  receiver,  whereas 


sound  that  is  transmitted  across  the  air-sea  interface  ar¬ 
rives  at  the  hydrophone  via  a  refracted  ray  path — see  Fig. 
1.  The  acoustic  data  from  each  sensor  are  processed  to 
obtain  estimates  of  the  Doppler  shift  in  the  propeller  blade 
rate  at  short  time  intervals  during  the  aircraft’s  transit 
overhead.  The  observations  are  then  compared  with  the 
results  predicted  by  using  a  simple  ray-theory  model. 

I.  MODEL 
A.  Microphone 

Consider  an  aircraft  that  emits  an  acoustic  tone  of 
frequency  /,  as  it  flies  at  a  constant  speed  {v,)  and  altitude 
(A)  in  a  constant  direction  so  that  its  flight  path  passes 
directly  over  a  microphone  located  on  the  ground — see 
Fig.  2.  The  sound  that  is  emitted  by  the  aircraft  at  a  hor¬ 
izontal  range  r  arrives  at  the  microphone  at  a  later  time  tg, 
which  is  given  by 

Ig—h^  ±h  ^  ^  \ 

^  Cg  ~Uitan0fl"'’ca  \sin0a~  ;’ 

where  4  is  the  separation  distance  between  the  source  and 
the  receiver,  Cg  is  the  speed  of  sound  propagation  in  the 
atmosphere,  and  9g  is  the  angle  of  depression  of  the  micro¬ 
phone  relative  to  the  horizontal  flight  path  of  the  aircraft; 
the  angle  of  depression  is  the  complement  of  the  angle  of 
incidence.  The  propagation  delay  for  the  sound  to  travel 
from  the  aircraft  to  the  microphone  is  equal  to  Ig/Cg. 

The  Doppler  frequency  of  the  acoustic  signal  received 
by  the  microphone  at  the  time  tg  is  given  by 

/fl=/s[l=F(i;Aa)cOS^a]”'-  (2) 

In  Eqs.  ( 1 )  and  (2),  the  upper  sign  ( — )  applies  when 
the  aircraft  is  inward  bound  towards  the  microphone  (r<0 
and  fa>fs),  while  the  lower  sign  (,  +  )  applies  when  the 
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FIO.  3.  Geometry  for  the  propagation  of  sound  fiom  the  aircraft  to  the 
hydrophone. 


FIO.  1.  Sound  emitted  by  the  aircraft  propagates  to  the  microphone  via 
a  direct  path,  but  the  sound  is  reftacted  after  transmission  across  the 
aii^-aea  interfisoe  where  it  is  subsequently  received  by  a  hydrophone. 

aircraft  is  outward  bound  away  from  the  microphone 
(/>0  and  /g</j).  At  the  closest  point  of  approach,  the 
aircraft  is  directly  overhead  and  so  r=0, 1^=0,  and  fa=fr 
The  atmoaphere  is  assumed  to  be  an  isospeed  medium 
for  the  propagation  of  sound  with  the  value  of  being 
equal  to  660  kn. 


B.  Hydrophone 

Similarly,  the  sound  emitted  by  the  aircraft  at  a  hori- 
zcmtal  range  R  (see  Hg.  3)  arrives  at  the  hydrophone  at  a 
later  time  which  is  given  by 


r 


FIO.  2.  Oeometiy  tot  the  propagation  of  sound  ftom  the  aircraft  to  the 
micraplioiie. 
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where  Ig/Cg+ly/c^  is  the  propagation  delay  for  the  sound 
to  travel  from  the  aircraft  to  the  hydrophone,  c„  is  the 
speed  of  sound  propagation  in  water,  and  d„  is  the  com¬ 
plement  of  the  angle  of  rdraction.  The  speed  of  sound 
wave  propagation  in  the  underwater  medium  is  assumed  to 
be  constant,  with  the  value  of  c„  being  equal  to  2960  kn. 

The  Doppler  frequency  of  the  acoustic  signal  received 
by  the  hydrophone  at  the  time  is  given  by 

fw=f,[  1  («»/c„)C08  " '.  (4) 

In  Eqs.  (3)  and  (4),  the  upper  sign  ( — )  applies  when 
the  aircraft  is  inward  bound  and  the  lower  sign  ( -|- )  ap¬ 
plies  when  the  aircraft  is  outward  bound. 

The  relationship  between  0,  and  6^  is  given  by  Snell’s 

law, 

CO8  0.  COS0„ 


The  critical  angle  of  incidence  6^  is  equal  to 
sin“'(Ca/c„),  that  is,  9^=  13*.  Whai  the  an^e  of  incidence 
is  greater  than  all  the  sound  energy  from  the  aircraft 
is  reflected  from  the  sea  surface,  so  that  none  of  the  acous¬ 
tic  energy  from  the  aircraft  is  transmitted  across  the  air- 
sea  interface  into  the  underwater  medium.  Thus,  the  trans¬ 
mission  of  sound  across  the  air-sea  intoface  occurs  (mly 
over  an  area  of  the  sea  surface  that  corresponds  to  the  base 
of  a  ome  having  an  apex  angle  of  20^  the  position  of  the 
sound  source  coincides  with  the  apex.  Die  diameter  of  the 
“footprint”  for  sound  transmission  is  proporticmal  to  the 
altitude  of  the  aircraft,  with  the  proportionality  constant 
being  equal  to  2  tan 

Brian  G.  Ferguson;  Doppler  affect  for  sound  3245 


i» 


TIME  (s) 

FIG.  4.  Predicted  veriatioa  with  tiine  of  the  Doppler  firequeocy  of  an 
aoonatic  tone  emitted  by  the  aircraft  and  then  received  by  a  microidione 
(aolid  line),  and  a  hydrophone  (broken  Une).  The  speed  and  altitude  of 
die  source  are  2S0  kn  and  SOO  ft,  respectively.  The  source  (or  rest) 
fieqnency  of  the  acoustic  tone  is  68  Hz. 

Now  consider  the  particular  case  of  an  aircraft  emit* 
ting  an  acoustic  tone  with  a  constant  source  frequency  of 
68  Hz  and  flying  with  a  constant  speed  of  2S0  kn  at  a 
amstant  altitude  of  300  ft.  Figure  4  shows  the  predicted 
Do|q>ler  frequency  as  a  ftmction  of  time  for  the  signal 
received  by  the  microphone  (solid  line),  and  by  the  hydro¬ 
phone  (broken  line).  The  microphone  is  assumed  to  be  at 
sea  level,  with  the  hydrophone  at  a  depth  of  60  ft.  The 
Doppler  shift  of  the  signal  received  by  Ae  hydrophone  is 
predicted  to  be  much  smaller  than  the  Doppler  sh^  of  the 
signal  received  by  the  microphone.  Also,  the  transition 
time  from  the  maximum  (up  Doppler)  frequency  to  the 
minimum  (down  Doppler)  frequency  is  much  shorter  for 
the  signal  received  by  the  hydr^hone. 

II.  EXPERIMEHT  AND  ACOUSTIC  DATA  PROCESSING 

A  turbo-prop  aircraft  with  a  constant  propeller  blade 
rate  of  68  Hz  flies  over  a  microphone  on  land  and  then  over 
a  hydrophmie  in  the  sea.  The  microphone  is  mounted  2  ft 
above  the  ground  and  the  hydrophone  is  at  a  depth  of  60  ft 
bdow  the  sea  surface.  The  analog  output  from  each  sensor 
is  converted  to  a  digital  data  stream.  The  phase  interpola¬ 
tion  method^  is  applied  to  the  digital  time  series  data  so 
that  the  Dealer-shifted  blade  rate  can  be  estimated  at 
eadi  short  time  interval  during  the  aircraft’s  transit  over 
eadi  of  the  season.  The  time  resolution  of  the  frequency 
estimates  is  0.024  s  the  hydrophone  data  and  0.072  s  for 
tile  micro|flione  data. 
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FIG.  S.  Obaerved  and  predict^  variadon  with  tunt  of  the  Doppler  fre¬ 
quency  for  the  acoustic  signal  received  by  the  ntici^.{diooe  which  is 
mounted  2  ft  above  the  ground.  The  qteed  and  altitudL  nf  the  aircraft  are 
249  kn  and  500  ft,  respectively.  The  source  ftequency  i'  6S  Hz. 
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FIG.  6.  Similar  to  Fig.  5  but  the  speed  and  altitude  of  the  aircraft  are  255 
kn  and  700  ft,  respectively. 
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FIG.  7.  OtMerved  and  predicted  variatkni  with  time  of  the  Doppler  fre¬ 
quency  for  the  acoustic  signal  received  by  Che  hydrophone  located  60  ft 
bdow  the  sea  surface-  The  speed  and  and  altitude  of  the  aircraft  are  239 
kn  and  4%  ft,  respectively.  The  source  frequency  is  68  Hz. 

III.  RESULTS 

The  results  of  the  acoustic  data  processing  are  shown 
in  Figs.  S  and  6  for  the  microphone  and  Figs.  7  and  8  for 
the  hydrophone.  Each  frequency  estimate  (or  "OBSER¬ 
VATION”)  is  indicated  by  a  circle.  Also  shown  are  the 
values  for  the  aircraft’s  speed  and  altitude  that  were  re¬ 
corded  by  instruments  onboard  the  aircraft  during  each 
transit;  for  example,  in  Fig.  S,  the  speed  is  249  kn  and  the 
altitude  is  SOO  ft.  These  values  for  the  speed  and  altitude  of 
the  aircraft,  together  with  the  source  (or  rest)  frequency  of 
the  propeller  blade  rate  (68  Hz),  are  used  in  Eqs.  ( 1 )  and 
(2)  to  predict  the  variation  with  tune  of  the  Doppler  fre¬ 
quency  for  the  signal  received  by  the  microphone.  The 
predicted  Do{^ler  frequency-time  curve  is  shown  as  the 
solid  line  labelled  “MODEL”  in  Figs.  3  and  6. 

Similarly,  Figs.  7  and  8  show  toth  the  observed  and 
predicted  variation  with  time  of  the  Doppler  frequency  for 
the  acoustic  signal  received  by  the  hydrophone,  together 
with  the  values  of  the  aircraft’s  flight  parameters. 

The  excellent  agreement  between  the  observations  and 
the  model  indicates  that  simple  ray  theory  accurately  de¬ 
scribes  the  acoustical  Doppler  effect  for  sound  that  is  emit¬ 
ted  by  a  moving  airborne  source  and  received  by  a  micro¬ 
phone  and  a  hydrophone.  The  Doppler  effect  is  much 
larger  for  the  acoustic  signal  received  by  the  microphone. 
The  difference  between  the  maximum  (up-Doppler)  and 
minimum  (down-Doppler)  frequencies  is  38  Hz  for  the 
microphone,  but  only  1 1  Hz  for  the  hydrophone.  Also,  the 
transition  time  from  the  maximum  to  the  minimum  Dop- 
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FIG.  8.  Similar  to  Fig.  7  but  the  speed  and  altitude  of  the  aircraft  is  242 
kn  and  1001  ft,  respectively. 

pier  frequency  is  much  longer  for  the  signal  received  by  the 
microphone;  compare  Figs.  3  and  7  for  which  the  speed 
and  altitude  of  the  aircraft  are  similar. 


Simply  ray  theory  provides  an  accurate  description  of 
the  observed  variation  with  time  of  the  Doppler  frequency 
of  an  acoustic  tone,  which  is  emitted  by  an  aircraft  and 
subsequently  received  by  a  microphone  on  land  and  a  hy¬ 
drophone  beneath  the  sea. 

For  the  signal  received  by  the  microphone,  the  mag¬ 
nitude  of  the  Doppler  shift  is  much  larger  and  the  transi¬ 
tion  time  from  the  numimum  up-Doppler  frequency  to  the 
minimum  down-Doppler  frequency  is  much  longer  than 
for  the  signal  received  by  the  hydrophone. 
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